To evaluate the importance of specific driver mutations to the development and outcome of lung squamous cell cancer (SQCC) in never-smokers, we assessed the clinicopathological characteristics and outcomes of 597 patients who underwent complete resection of SQCCs. In total, 88 (14.7%) never-smokers and 509 (85.3%) ever-smokers were compared. The never-smokers included more females (42.05% vs. 1.57%, P < 0.001) and more often had a personal history of malignant disease (9.09% vs. 2.36%, P = 0.003). The tumors of never-smokers were more often poorly differentiated (70.45% vs. 53.24%, P = 0.010) and more often contained oncogenic mutations (21.05% vs 11.05%, P = 0.023), particularly EGFR mutations (13.16% vs 3.40%, P = 0.001). Never-smokers also tended to have poorer OS than smokers. Our results suggest lung SQCCs in never-smokers are a subtype distinct from SQCCs occurring in smokers.
INTRODUCTION
Lung cancer remains the leading cause of cancerrelated deaths worldwide, accounting for over 1 million deaths yearly [1] . Approximately, 85% of newly diagnosed lung cancers are non-small cell lung cancers (NSCLCs). Its two major histological types, adenocarcinoma (ADC) and squamous cell carcinoma (SQCC), account for 30-50% and 20-30% of NSCLC, respectively [2] . Tobacco smoking has long been recognized as a major risk factor for lung cancers. However, approximately 25% of lung cancer patients are lifelong never-smokers, which means that lung cancer in never-smokers would rank as the seventh most common cause of cancer mortality around the world, if considered as a separate category [3] .
Several etiologic factors have been proposed to explain the development of lung cancer in never-smokers [4] . Among them are driver mutations within genes encoding signaling proteins critical for both the initiation and maintenance of lung malignancy, which have been identified in a series of molecular and translational studies [5] . Lung ADC and SQCC exhibit distinct genetic mutation profiles that underlie their differing responses to targeted therapies. Previous studies have shown that EGFR, KRAS, HER2 and BRAF contain recurrent driver mutations in ADC [6] [7] [8] and that these mutations are seen particularly frequently in females, never-smokers and Asian patients [9] [10] [11] .
The aforementioned mutations also occur in SQCCs [12] , though few studies have focused specifically on SQCC among never-smokers, and the clinicopathological characteristics and genetic features of this subgroup are not well established. We were interested in whether SQCCs in never-smokers harbor the known EGFR and KRAS driver mutations. We therefore characterized the features of this subgroup to determine whether SQCC in never-smokers is distinct entity from that in ever-smokers. Our findings provide important information that could be Clinical and genetic features of lung squamous cell cancer in never-smokers www.impactjournals.com/oncotarget useful for selecting patients with specific driver mutations for future clinical trials of individualized therapies for SQCC.
RESULTS

Clinicopathological characteristics
A total of 597 patients met the enrollment criteria and were entered into our study cohort, which including 88 (14.7%) never-smokers and 509 (85.3%) ever-smokers. All the patients were Chinese and were diagnosed as lung SQCC based on postoperative pathological reports. There were 552 (92.5%) males and 45 (7.5%) females, with an average age of 61.46 years and ages ranging from 36.33 to 87.83 years. Details of clinicopathological features of the never-smokers and their SQCCs are summarized in Table 1 , and a comparison of the clinicopathological features of never-smokers and ever-smokers is shown in Table 2 . The never-smokers had a considerably higher ratio of female patients than the ever-smokers (42.05% vs. 1.57%, P < 0.001). Compared to those in ever-smokers, SQCCs in never-smokers positively correlated with a personal history of malignant disease (9.09% vs. 2.36%, P = 0.003) and showed poor differentiation (70.45% vs. 53.24%, P = 0.010), and were negatively correlated with a family history of malignant disease (10.23% vs. 24.36%, P = 0.003). There were no statistically significant differences between the two groups with respect to age, central/peripheral type, pTNM stage or maximum length of tumor.
Spectra of mutations
The cDNA samples from 429 patients were sufficient and of high enough quality to detect oncogenic mutations. Among the 76 never-smokers, 16 harbored known oncogenic mutations, including 10 (13.16%) EGFR, 1 (1.32%) KRAS, 2 (2.63%) HER2, 1 (1.32%) BRAF, 2 (2.63%) PIK3CA and 2 (2.63%) FGFR fusion. No AKT1 mutations were detected. One patient harbored both EGFR and PIK3CA mutations, and another patient had both EGFR and FGFR mutations. Among 353 ever-smokers, 39 oncogenic mutations were detected, including 12 (3.40%) EGFR, 5 (1.42%) KRAS, 1 (0.28%) HER2, 1 (0.28%) AKT1, 11 (3.12%) PIK3CA and 11 (3.12%) FGFR fusion. No BRAF mutations were detected in ever-smokers. One patient harbored both EGFR and PIK3CA mutations, and another patient had both KRAS and PIK3CA mutations. Figure 1 illustrates the spectra of detected mutations in the two groups. As shown in Table 2 , SQCCs in never-smokers harbored significantly more oncogenic mutations than those in ever-smokers (21.05% vs. 11.05%, P = 0.023), especially EGFR mutations (13.16% vs. 3.40%, P = 0.001).
Correlations between clinicopathological characteristics and EGFR mutations in SQCCs from never-smokers
Among the 76 SQCCs from never-smokers, there were no statistically significant correlations with respect to gender, age, history of malignant diseases, tumor location, smoking status, pTNM stage or tumor differentiation between patients with EGFR wild-type and those with the mutant gene (Table 3) .
Clinical outcomes
Survival data were available from 544 patients with SQCC. Kaplan-Meier curves comparing RFS and OS in never-smokers and ever-smokers are shown in Figure 2 . No statistically significant difference in RFS (P = 0.846) or OS (P = 0.155) was found between the two groups. However, there was tendency for OS to be poorer among never-smokers than ever-smokers.
DISCUSSION
Thanks to major progress in translational medicine, we can now define lung cancers at the molecular level, and distinct treatments can be applied to different disease subtypes. For lung ADCs, driver mutations to EGFR, KRAS, HER2, BRAF and AKT1 have been well reported [6, [13] [14] [15] , and considerable progress has been made in their treatment [16] . However, whether lung SQCCs harbor these known driver mutations remains controversial [17, 18] . Lung SQCCs are strongly associated with tobacco exposure and are characterized by a high mutational burden with a mean somatic mutation rate of 8.1 mutations per megabase [19] . Despite the high rate of somatic mutations in SQCC, many of them are "passenger" mutations, which are biologically neutral and do not confer a growth advantage [20] . That is why the targeted agents developed for ADC are largely ineffective against SQCC.
Our observation that 14.7% (95% CI, 12.1%-17.4%) of participants in this study were never-smokers suggests lung SQCC is no longer solely a smoker's disease. Furthermore, our comparison the clinicopathological characteristics of SQCCs and the profiles of major known oncogenic mutations revealed that SQCCs arising in never-smokers distinctly differ from those in the more common smoking-related SQCCs. Oncogenic mutations, especially EGFR mutations, occurred considerably more frequently in the never-smokers, which is consistent with findings from an earlier study [18] .
Controversy remains as to whether lung SQCCs actually harbor EGFR mutations. In a study where lung SQCCs were identified based biomarker expression, EGFR mutations were absent, suggesting SQCCs found to contain EGFR mutations were actually misdiagnosed poorly differentiated ADCs or adenosquamous carcinoma [21] . A previous study from our institution demonstrated that EGFR mutations were extremely rare or absent in patients with pure SQCC, whereas EGFR mutations occurred frequently in SQCCs with a minor glandular component (SQCC-mGC) [22] , and most SQCC-mGCs were diagnosed in never-smokers. That said, other studies showed that EGFR mutations were also present in pure SQCCs, especially in females and never-smokers [23] . Moreover, a study by Kang et al. showed that EGFR mutations were present in both adenocarcinomatous and squamous cell carcinomatous components of tumors, and were more commonly detected in never-smokers [24] . In our present study, 7 of 10 (70.0%) SQCCs from never-smokers carried EGFR mutations, and 7 of 12 (58.3%) SQCCs with EGFR mutations from ever-smokers had minor glandular components. This suggests a relation between the glandular component and EGFR mutations in lung SQCCs. Given the substantial inter-and intratumoral [25, 26] , full elucidation of distinct differences between the histogenesis and molecular pathogenesis of SQCCs in never-and eversmokers will require further study. In our research, never-smokers with SQCCs tended to have a worse OS than ever-smokers. This may in part be attributable to the poorer tumor differentiation in the never-smokers, though the effect did not reach statistical significance, likely due to insufficient sample size. Consistent with our findings, a recent Japanese study showed that never-smokers with SQCC tended to have a worse prognosis than smokers [28] . Notably, those investigators also found that the prognosis in a light smoking group was significantly poorer than that of heavy smokers. Although the risk of tobacco exposure for lung cancer has been well established for decades [29] , the aforementioned results with never-smokers indicate there are factors other than tobacco carcinogens that influence the development of SQCC, which may account for the seemingly contrary prognostic tendency. It is also important to consider the effect of passive smoking in the home, workplace or public on never-smokers. However, the impact of passive smoking on the incidence of SQCCs and EGFR mutations in never-smokers is not yet clear [30, 31] .
In our study, two patients with EGFR mutations were treated with EGFR-TKIs, but the efficacy is unclear. Consequently, determination of whether EGFR-TKIs are a useful treatment for SQCCs with EGFR mutations in never-smokers will require further study.
In sum, our study revealed SQCCs in never-smokers to be a distinct subtype that occurs disproportionally in females and is characterized by poor tumor differentiation and relatively high frequency of EGFR mutations along with other known oncogenic mutations. These features may help to identify patients with specific driver mutations for future clinical trials of individualized therapies for lung SQCC. 
MATERIALS AND METHODS
Patients and samples
From October 2007 to April 2013, we performed consecutive lung tumor resections with curative intent at our institution, the Department of Thoracic Surgery, Fudan University Shanghai Cancer Center. Tumor tissues were prospectively sampled immediately after surgical resections. Samples eligible for this study were all pathologically confirmed SQCC. Morphologic examinations were performed by at least two independent pathologists, and samples were classified according to the new World Health Organization (WHO) classification. Upon immunohistochemical staining for ΔNp63 and TTF-1, a ΔNp63-diffuse/TTF-1-negative profile supported SQCC, while double-positive staining in distinct cell populations supported bi-phenotypic differentiation (adenosquamous carcinoma). Patients who had other malignant diseases within 5 years before surgery were excluded, unless pathologically confirmed as primary lung cancers by experts. Those with a history of occupational exposure to asbestos or other heavy industrial pollutants were also excluded. "Never-smokers" referred to individuals who had smoked less than 100 cigarettes during their lifetime, while "ever-smokers" included those who were current or former smokers. This research was approved by the Institutional Review Board of the Fudan University Shanghai Cancer Center, Shanghai, China. All patients in our study signed written informed consent forms.
Clinicopathological characteristics
Patients' clinical characteristics were retrieved from the medical records. Clinicopathological data collected for analyses included gender, age at diagnosis, smoking status, location of tumor, history of other malignant diseases, pathological TNM, tumor differentiation and family history of cancer in first-degree relatives (parents, siblings and offspring). TNM stages were evaluated in accordance with the seventh edition of the lung cancer staging classification system (International Association for the Study of Lung Cancer) [13] . The dates of disease relapse and death were obtained from the clinical records or by telephone.
Mutational analysis
RNA was extracted from the frozen samples using TRIZOL (Invitrogen) according to the standard protocols (RNeasy Mini Kit; Qiagen, Hilden, Germany) and then reverse transcribed into cDNA using a Revert Aid First Strand cDNA Synthesis Kit (Fermentas, St Leon-Rot, Germany). EGFR (exons [18] [19] [20] [21] [22] , KRAS (exons 2-3), HER2 (exons 18-21), BRAF (exons 11-15), AKT1 (exons 2-3), PIK3CA (exons 9 and 20) and 14 known FGFR gene fusions were amplified using polymerase chain reaction (PCR) with KOD Plus Neo DNA polymerase (Toyobo Co, Ltd) and samples of cDNA. The PCR was performed in a 25-mL reaction tube on a Mastercycler pro PCR apparatus (Eppendorf AG). RNase-free water was used as a PCRnegative control. The amplified products were analyzed by direct dideoxynucleoside sequencing, after which Chromas Lite, version 2.4 (Technelysium Pty Ltd) and Vector NTI 11.0 (Life Technologies Corp) were used to detect mutations through comparison with standard gene sequences, as previous reported [22] .
Statistical methods
Associations between two categorical variables were analyzed using Pearson's chi-squared test or Fisher's exact test, as appropriate. Continuous and ranked variables were compared using independent sample t-tests and MannWhitney U tests, respectively. Relapse-free survival (RFS) was measured as the interval from the date of surgery to initial tumor relapse (local recurrence or distant) or death from any causes or the last date the patient was known to be alive. Overall survival (OS) was calculated from the time of surgery to death or last follow-up date. Survival curves were constructed using the Kaplan-Meier method. Differences between the curves were evaluated using the log-rank test. Statistical analyses were performed using SPSS for Windows version 19.0 (IBM Corporation, Armonk, NY, USA). All tests were two-tailed, and values of P < 0.05 were considered significant. 
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